This paper presents a beam shaping device namely, a Diffractive Optical Element (DOE), which is used to change a beam having a Gaussian intensity profile into a beam with a uniform intensity profile. The DOE used in this work was fabricated from ZnSe and its performance was evaluated using a cw CO 2 laser. In most cases such elements are effective only at a specific design wavelength. However, in this paper we report on the design conditions which allow for wavelength independent elements. It was found that the DOE was able to successfully transform a Gaussian beam into a flattop beam for four different wavelengths in the range 9.2 µm to 10.6 µm. We also present experimental results on misalignment effects and it was found that small radial offsets of the incident beam on the DOE had a significant disruptive effect on the flattop beam profile.
INTRODUCTION
Laser beam shaping allows for the intensity distribution of a laser beam to be modified from that emitted from the laser resonator. This process has certain advantages in some industrial and research applications such as laser materials processing 1 , optical data storage 2 and laser therapy 3 . Many of these applications require a uniform illumination but typical laser sources have a Gaussian output, hence the need for laser beam shaping. Numerous optical systems 4, 5 and various design methods 6, 7 have been employed to address the problem of obtaining an optical element that converts a Gaussian intensity profile into a uniform intensity profile. Our approach to laser beam shaping consists of a diffractive optical element (DOE) as a phase element in conjunction with a Fourier transform lens. In this method a Gaussian beam is passed through a DOE, converting it into a flattop beam. A transforming lens placed directly behind the DOE, takes the Fourier transform of the incident Gaussian beam and produces a flattop intensity profile at the focal plane of the lens.
Fresnel diffraction theory is used to design the DOE which would transform a Gaussian beam into a flattop beam. The design parameters were then used to fabricate a ZnSe DOE. The performance of the DOE was then tested in beam shaping experiments using a continuous wave (cw) CO 2 laser. In section 2, we present the solution to the problem of determining the phase function of the DOE, while section 3 reports on the experimental investigations of the DOE laser beam shaping characteristics. Usually, such elements are effective only at a specific design wavelength 8 . We will concentrate on the design conditions that allow for wavelength independent elements. Experimental results on the effect of a radial offset of the initial beam on the DOE will be discussed, as well as the effects of using designed and non-designed wavelengths in the CO 2 laser tuneability range. The conclusions of the work are presented in section 4.
PHASE FUNCTION
The solution for determining the phase function of the DOE is based on the Fresnel diffraction theory where, in one dimension, the approximated Fresnel diffraction integral takes the form is the phase function of the DOE and ρ is the transverse coordinate of the DOE. The solution to this problem depends on the parameter β , a dimensionless measure of how well the beam will be flattened and β is defined as
where λ is the wavelength of the beam, ω 0 is the input beam radius, R 0 is the output beam radius and f is the focal length of the transforming lens. It has been shown that the stationary phase solution improves as the increasing parameter β increases 10 illustrating that it is a key contribution to the beam shaping problem. The optical element is then designed to realize ( ) ρ βφ 
The phase function ( ) ρ φ , need to be solved so that the intensity, ( ) ρ′ g at the focal plane of the lens is approximately equal to some specified function ( ) ρ′ G times a scale factor μ . This is satisfied provided that
where ( ) ρ′ g is given by equation 1 and μ is chosen so that
In determining the solution for turning a Gaussian beam into a flattop beam, the incident field is given by the Gaussian intensity distribution as
and the output field is given by a constant intensity distribution:
Then equation 3 becomes ( ) ( ).
In order to solve this, the constant μ must be chosen such that equation 5 is satisfied. Hence, the scaling of the
is chosen so that the constant μ is equal to πβ 
By taking the second-order integration of both sides of equation 9, the following result is obtained . Due to the absolute value sign in equation 4, the negative of the solution in equation 10 is also a solution to the beam shaping problem. This result is important in some beam shaping application. The crosssection of the DOE is given in figure1. 
Design and fabrication of the DOE
The DOE was designed following the method outlined by F.M Dickey et al 11 .
It was designed to accept a 7mm Gaussian beam with a wavelength of 10.6 µm as an input beam. The element was designed in-house and then fabricated by II-VI Inc. from a 1.5" diameter ZnSe flat-flat substrate. It was coated to minimize the reflection losses at wavelength of 10.6 µm. The data for the fabrication of the DOE is provided in table 1 in terms of a calculated height profile. It was then tested using a Zygo surface interferometer, and the results are shown in figures 2 and 3. Figure 4 shows a photograph of the fabricated DOE which was used in the beam shaping experiments. Using the Zygo data presented in Table 1 , one is able to compare the design of the DOE to that of fabricated. The zone spacing determines the function of the element, and the height determines the wavelength for which it is suited. The fabricated element shows zone width deviations from the designed element and these deviations imply an optimal operating wavelength exist (other than that of the design of 10.6 µm), assuming there is a constant refractive index of the element 12 . This section presents the experimental investigations for generating a flattop beam profile from a Gaussian beam profile using a DOE. The DOE was evaluated using designed and non-designed laser parameters such as wavelength and misalignment effects were also studied. We further investigated the flattop beam propagation behavior. In the sections that follow we discuss the experimental set-up for CO 2 laser beam shaping and the experimental results of the performance of the DOE are also presented.
Experimental set-up
Beam shaping experiments were done using a continuous wave (cw) CO 2 laser from Edinburgh instruments (Model PL-2) as the laser source. The laser is wavelength tuneable (9 µm to 11 µm), enabling the selection of the desired wavelength by rotating a micrometer dial which is attached to an internal diffraction grating which is used as a back reflector in the laser resonator. Figure 5 shows an experimental set-up for shaping of the CO 2 laser. An optical engineering spectrum analyzer was used to determine the operating wavelength of the laser, while the attenuator was used to decrease the energy of the laser. The beam shaping optics, which consisted of a DOE in conjunction with a Fourier transforming lens, were placed at the position where a 7 mm beam radius was located and returned a flattop beam at the propagation distance z from the beam shaping optics.
Wavelength dependence
The DOE elements are usually designed to work at a specific wavelength, but theory exists that these element can be made to be wavelength independent 8 and in this paper, we investigate these theoretical predictions. To investigate the wavelength dependence of the DOE, its performance was tested using the designed wavelength of 10.6 µm, as well as non-designed wavelengths (10.2 µm, 9.6 µm and 9.3 µm) in the CO 2 laser tuneability range. The results are shown in figure 6 . 
Intensity
We observed a negligible change in the beam profile induced by the DOE due to a different wavelength. In understanding the reason for this, the wavelength dependence relationship between the DOE height profile and the phase profile needs to be investigated following equation,
where ( ) r d is the DOE height profile, φ Δ is the change in phase profile and n is the index of refraction of the DOE.
The index of refraction of the material changes slightly for different wavelengths 12 and it is thus assumed that n is constant in the wavelength region of interest. Thus the effect of changing the wavelength of the input beam was found to be negligible. We conclude that the beam shaping capability of the DOE does not depend on the wavelength of the input CO 2 laser, and the advantage of this is that any CO 2 laser wavelength may be effectively shaped by the given DOE.
Propagation
The beam profile, after the DOE and Fourier transforming lens, was also investigated at intervals along its propagation. In the curves of the beam profile, given in Figure. 6, the maximum value has been normalized to one. Figure 6 shows the intensity distribution of the propagated profiles at increasing propagation distances from the DOE. We observed that the flattop is generated at a distance between 250 mm and 265 mm from the DOE. After the beam propagates more than 265 mm, it rapidly becomes disrupted from uniformity and the beam becomes unrecognizable as a flattop beam. Instead, the beam becomes a Gaussian beam in the far field. Depending on the beam shaping application at hand, this propagation behavior of the flattop beam may be undesirable and the second element may be needed to correct for the phase profile such that the flattop profile may be maintained over a longer propagation distance.
We further observed that the propagation distances at which the flattop beams are generated differ with wavelength. However, the beam shaping system assumes that the input Gaussian beam has a uniform (Flat) phase with a 7 mm beam radius at the DOE, but it is not always possible to locate a 7 mm beam radius at the beam shaping element. One possible solution is that the Gaussian beam's phase causes a shift in the location of the output profile 11 . Hence the flattop beam was located a distance from the focal plane of the lens. This was the expected behavior of the performance of the DOE as suggested by the numerical simulations 10 , which show the simulated performance of the DOE, at the design wavelength (10.6 µm) and the two non-design wavelengths (~9.3 µm and ~ 9.6 µm). 
Radial off-set
The effect of a radial offset of the incoming beam on the DOE was also investigated. The output beam profile was investigated when the initial beam was first positioned at the centre of the DOE, and then moved transversely in thex-direction and +x-direction in steps of 0.5 mm depicted in figure 7 (a) and (b) respectively. Figure 7 shows that a small radial offset of the order of 0.5 mm of the initial beam on the DOE will easily disrupt the beam shaping ability of the element. It is also apparent that an offset in any particular direction disrupts the intensity profile of the beam in that direction. The intensity distribution deviation is given by the difference between the peak intensity of the disrupted flattop and the peak intensity of the flattop beam when the input beam was positioned at the centre of the DOE. The dependence of the peak intensity deviation was investigated as a function of the offset and the results are presented in figure 8. Figure 8 shows a linear dependence of the peak intensity deviation on the offset, with an increase in the offset amount resulting in an increase in the peak intensity deviation of the flattop beam. This suggests that the grater the offset amount of the incident beam on the DOE, the more the output flattop beam is disrupted. The disrupted flattop beam of figure 7(a) and figure 7(b), would not give uniform illumination as intended, and could cause severe distortion in the process for which it is being applied.
CONCLUSIONS
A method for converting a Gaussian intensity profile to a flattop intensity profile using a diffractive optical element was described. The performance of the element was tested experimentally to determine its properties under various input conditions. Effects due to the radial offset of the incoming beam on the element have been investigated as well as the effect of varying the input wavelength. It was shown that the element was useful under non-ideal conditions. The DOE was able to convert a Gaussian beam to a flattop beam at four different wavelengths (9.3 µm, 9.6 µm, 10.2 µm and 10.6 µm). The effect of wavelength variation on the beam shaping ability of the DOE using several wavelengths of the CO 2 laser was found to be negligible and therefore we can conclude that any CO 2 laser may be shaped using the DOE and that our DOE is wavelength independent in the range 9 µm -11 µm. The radial offset of the incident beam on the DOE was found to have a significant impact on the output beam. Thus accurate alignment of the input laser beam onto the DOE is required for good laser beam shaping.
